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INTRODUCTION 
The Ceramic Materials  Research Program a t  t h e  University of 
Washington was es t ab l i shed  June 1, 1963, under National Aeronautics and 
Space Administration Grant Number NGL 48-002-004. The p r i n c i p a l  pur- 
poses of  t h e  g ran t  a r e  t o  encourage i n t e r d i s c i p l i n a r y  research  upon t h e  
nature  and p roper t i e s  of  ceramic mater ia ls  and t o  a s s i s t  t h i s  i n s t i t u t i o n  
i n  t h e  development of an enduring research  c a p a b i l i t y  i n  ceramics and 
ceramic engineering. The funds a r e ,  the re fo re ,  used t o  make f i n a n c i a l  
support a v a i l a b l e  f o r  research  on ceramic mater ia ls  conducted by members 
of the  Universi ty f acu l ty  and t o  purchase such items of c a p i t a l  equip- 
ment a s  a r e  deemed des i rab le  f o r  the  implementation of  t h e  s t a t e d  pur- 
poses. 
The program, planned t o  study the  e f f e c t s  of various energy 
environments upon ceramic mate r i a l s ,  i s  divided i n t o  severa l  broad 
research  a r e a s ,  namely: chemical, mechanical, atomic and molecular, and 
processing. The research  program i s  planned and coordinated by t h e  
Ceramic Materials  Research Committee, appointed by the  Dean of  t h e  
Graduate School. The cur ren t  membership includes James I. Mueller, 
Ceramic Engineering, Chairman and Pr inc ipa l  Inves t iga tor ;  T. F. Archbold, 
Metal lurgical  Engineering; J .  Gregory Dash, Physics; B i l ly  J. Hartz, C i v i l  
Engineering; I rene  C. Peden, E l e c t r i c a l  Engineering; and 0. J. Whittemore, 
J r . ,  Ceramic Engineering. Administration of the  program is coordinated by 
a board cons i s t ing  of E. C. L ingafe l ter  represent ing  the  Graduate School, 
Chairman; H.  Myron Swarm, Associate Dean, College of Engineering; D. H.  
Polonis ,  Chairman of t h e  Department of Mining, Metal lurgical  and Ceramic 
Engineering; and James I. Mueller, P r inc ipa l  Inves t iga tor .  
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GENERAL PROGRAM REPORT 
This  is t h e  t h i r t e e n t h  semiannual s t a t u s  r e p o r t  and it covers  t h e  f irst  
h a l f  of t h e  seventh  y e a r  of opera t ion  under t h i s  g ran t .  During t h e  r e p o r t  
pe r iod ,  a t o t a l  o f  t h i r ty - seven  p r o j e c t s  were superv ised  by twenty-three 
f a c u l t y  members i n  e i g h t  academic d i s c i p l i n e s  of  t h e  Univers i ty .  Seve ra l  
new p r o j e c t s  were i n i t i a t e d  dur ing  t h e  r e p o r t  per iod .  Professor  John Macklin, 
Department o f  Chemistry,  i n i t i a t e d  a p r o j e c t  on Raman s p e c t r a l  s t u d i e s  of 
Z r C  and o t h e r  ceramic m a t e r i a l s ,  and Professor  Richard Zupp, Me ta l lu rg i ca l  
Engineering Div is ion ,  began work on c r y s t a l  growing t o  supplement o t h e r  pro- 
j e c t s  i n  t h e  program. 
An a d d i t i o n a l  f u l l - t i m e  f a c u l t y  p o s i t i o n  i n  ceramic engineering was 
e s t a b l i s h e d  e f f e c t i v e  September, 1969. This  w a s  f i l l e d  by D r .  Alan D .  Mi l le r .  
The part- t ime academic, par t- t ime r e sea rch  p o s i t i o n  was f i l l e d  by D r .  David 
B. Fischbach, formerly on t h e  s t a f f  a t  t h e  J e t  Propulsion Laboratory. D r .  
Fischbach has i n i t i a t e d  both academic and r e s e a r c h  programs on carbon and 
g r a p h i t e  m a t e r i a l s .  This  adds an e n t i r e l y  new dimension t o  our  program and 
one which has d e f i n i t e  o r i e n t a t i o n  t o  space r e l a t e d  research .  
The Ceramic Mate r i a l s  Research Seminar, a per iod  devoted t o  d i scuss ions  
of concepts  and r e sea rch  o f  i n t e r e s t  t o  t h e  program, met f o r  a  t o t a l  o f  s i x  
s e s s i o n s  dur ing  t h e  r e p o r t  per iod.  Speakers included two Univers i ty  of 
Washington f a c u l t y  members, two v i s i t o r s ,  and two graduate  s tuden t s .  A com- 
p l e t e  l i s t  of seminar speakers  and t h e i r  t o p i c s  i s  included a s  Appendix B. 
The program supported t h e  a t tendance  of t h i r t e e n  f a c u l t y  members t o  a  
t o t a l  of fou r  t e c h n i c a l  meetings a t  which seven papers  based upon work sup- 
por ted  by t h e  g r a n t  were presented.  Papers publ ished o r  presented r e s u l t i n g  
from work supported wholly o r  i n  p a r t  by t h e  g r a n t  a r e  l i s t e d  wi th  t h e  ind i -  
v i d u a l  s t a t u s  r e p o r t s  i n  Appendix C.  
Funds from t h e  g r a n t  were used t o  supplement Univers i ty  support  o f  a  
v i s i t i n g  p ro fe s so r  du r ing  t h e  Summer Quarter .  D r .  Wendell S. Williams, 
Professor  o f  Physics  and Ceramic Engineering a t  t h e  Universi ty  of I l l i n o i s ,  
o f f e r e d  a  four-week, t h r e e - c r e d i t  course dur ing  t h e  A term. The cour se ,  
e n t i t l e d  "Physics of S t rong  Sol ids ,"  had an  enrol lment  o f  s i x t e e n  s t u d e n t s .  
The X V I  Ref rac tory  Composite Working Group Meeting, co-hosted by t h e  
Univers i ty  of  Washington and B a t t e l l e  Northwest, was he ld  a t  t h e  B a t t e l l e  
Science Center i n  S e a t t l e ,  October 13 ,  14 ,  15 ,  1969. D r .  David Fischbach 
was Arrangements Chairman and Conference Coordinator .  Following t h i s ,  t h e  
P a c i f i c  Coast Regional Meeting of t h e  American Ceramic Society was he ld  i n  
S e a t t l e  with D r .  Alan D. M i l l e r ,  of our  s t a f f ,  a s  General Chairman. 
Due t o  t h e  meetings mentioned above t h e  annual f a l l  t e c h n i c a l  review 
by M r .  James J. Gangler,  NASA Technical Monitor, was more informal t han  i n  
p a s t  yea r s .  M r .  Gangler discussed grant  supported research  with s e v e r a l  of 
t h e  r e sea rch  supe rv i so r s  and t h e  program i n  gene ra l  with t h e  P r i n c i p a l  
I n v e s t i g a t o r .  
Graduate enrol lment  i n  Ceramic Engineering increased  t h i s  f a l l ,  
r e s u l t i n g  i n  t h e  t o t a l  graduate  enrol lment  being equiva len t  to previous  
yea r s .  Severa l  of t h e  graduate  s t u d e n t s  have been working i n  i ndus t ry  and 
a r e  r e t u r n i n g  f o r  advanced degree work. D r .  Sh iush ich i  Kimura completed a 
twelve-month appointment a s  a Senior  Research Associate  and has r e tu rned  t o  
t h e  s t a f f  a t  Toyko I n s t i t u t e  of Technology. D r .  Kimura con t r ibu ted  heav i ly  
t o  our program, working with Professor  Alan D.  Mi l l e r  on t h e  High Temperlature 
Calorimeter Study. 
The s p e c i a l  s tudy  funded by a supplement t o  t h e  g ran t  t o  determine t h e  
impact of  t h i s  program on var ious  l e v e l s  of t h e  Univers i ty  of  Washington 
has been completed. A r e p o r t  on t h i s  s tudy  w a s  submit ted t o  t h e  Gffice of 
Univers i ty  A f f a i r s  on November 19 ,  1969. 
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Research Associate  Professor ,  Ceramic Engineering 
T. G. Stoebe,  Ph.D. 
Assoc ia te  Professor ,  Me ta l lu rg i ca l  Engineering 
0.  J. Whittemore, Jr . ,  M.Sc. 
Associate  P ro fe s so r ,  Ceramic Engineering 
C .  B.  Brown, Ph.D. 
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M.S. Ceramic Engineering 
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B.S. Ceramic Engineering 
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M.S. Ceramic Engineering 
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B.S. Ceramic Engineering 
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B.S. Ceramic Engineering 
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B.S. Ceramic Engineering 
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B.S. Ceramic Engineering 
M.  S r in ivasan ,  Me ta l lu rg i ca l  Engineering 
B.S. Meta l lurg ica l  Engineering 
J. Surendranath, Chemistry 
M.S. Chemical Engineering 
L.  P .  Torre ,  Chemistry 
B.S. Chemistry 
H. Vora, Meta l lurg ica l  Engineering 
M.S. Meta l lurg ica l  Engineering 
D.  A.  Wilson, Me ta l lu rg i ca l  Engineering 
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CHEMICAL 
(Zirconium-Oxygen-carbon System) 
This  system was s e l e c t e d  a s  t h e  s u b j e c t  f o r  s tudy of t he  
e f f e c t s  of cllemical environment upon ceramic ma te r i a l s .  Several  
f a c u l t y  members from va r ious  d i s c i p l i n e s  a r e  p a r t i c i p a t i n g  i n  a 
coordinated program t o  o b t a i n  knowledge regard ing  t h i s  system. 
GAS-SOLID EQUILIBRIUM 
James I. Mueller 
P ro fe s so r ,  Ceramic Engineering 
The composition and p re s su re  of t h e  gaseous phase ( s )  a s s o c i a t e d  
wi th  t h e  s o l i d  phases a t  va r ious  temperatures  m a t e r i a l l y  a f f e c t  t h e  
equ i l i b r ium of  a system. It is  t h e  purpose of t h i s  research  t o  s tudy  
t h e  e f f e c t s  of t hese  v a r i a b l e s  upon t h e  Zr-0-C system. 
Inf luence  of Oxygen Ac t iv i ty  on t h e  S t ruc tu re  of  Zirconium Oxide 
K.  M .  Nair 
P redoc to ra l  Associate ,  Ceramic Engineering (June 1 5  - November 10 )  
Ph.D. Thesis  Research 
The Z r  - Z r O  system was inves t iga t ed  between t h e  temperature 700°C 2 
and 1600°C us ing  con t ro l l ed  oxygen p a r t i a l  p re s su re s .  The system was 
approached from two d i r e c t i o n s ,  ( 1 )  s t a r t i n g  with pure metal powder and 
ox id i z ing  it i n  argon and oxygen mixtures  and ( 2 )  s t a r t i n g  with pure Z r O  
powder and reducing  it i n  d i f f e r e n t  mixtures  of CO and CO 2 2 
Two lower valence oxides of zirconium were observed by x-ray powder 
d i f f r a c t i o n  a n a l y s i s .  One o f  them had a f . c . c .  z inc  blend (ZnS) type  
c r y s t a l  s t r u c t u r e  with a, = 3.8956 1. The composition Z r O  is proposed. 
The second oxide,  Z r  0, had a hexagonal-close-packed c r y s t a l  s t r u c t u r e  3 
similar t o  t h a t  of zirconium meta l ,  with oxygen atoms occupying o n e t h i r d  
of  t h e  i n t e r s t i t i a l  pos i t i ons  i n  an ordered manner. The s t a b i l i t y  of t h i s  
oxide was determined. 
A s e r i e s  of  reduced Z r O  (b l ack )  samples were prepared a t  two tempera- 2 
t u r e s  1200°C and 1470°C and vary ing  oxygen p a r t i a l  p ressures .  Another s e t  
o f  Z rO  (b l ack )  samples was prepared i n  t h e  temperature range 1000°C and 2 1600°C and i n  hydrogen atmospheres. These reduced Z r O  (b l ack )  samples were 2 
reoxid ized  t o  Z r O  (whi te )  a t  1000°C i n  an a i r  atmosphere. The d-spacings 2 
and r e l a t i v e  i n t e n s i t i e s  of Z r O  (b l ack )  and Zr02(white) d i d  no t  show any 
change with change i n  oxygen a c ? i v i t y  o r  temperature.  
A mechanism f o r  t he  formation of reduced Zr02(b lack)  i s  proposed. The 
apparent  a c t i v i t y  of f r e e  Z r  atoms i n  t h e  monoclinic Z r O  (b l ack )  l a t t i c e  is 2 
ca luc l a t ed  . 
M r .  Nair rece ived  h i s  Ph.D. degree. i n  Ceramic Engineering i n  December, 
1969. Thesis t i t l e :  "Unfamiliar Oxidation Sta- te  of Zirconium and t h e  
Ef fec t  of Oxygen Act iv i ty  on t h e  S t r u c t u r e  of  Zr02". 
Stud ie s  of  t h e  Zirconium Dioxide-Carbon React ion 
- .  
S. K .  Sarkar  
P redoc to ra l  Assoc i a t e ,  Ceramic Engineer ing 
Ph.D. Thesis  Research 
Heating zirconium ca rb ide ,  var ious  mixtures  o f  zirconium oxide  and 
carbon,  and mixtures  o f  zirconium oxide and zirconium ca rb ide  a t  1800CC 
i n  a carbon monoxide atmosphere r e s u l t s  i n  t h e  formation of  a f . c . c .  phase 
(ZrC 0 ) with  l a t t i c e  parameter between 4.673 and 4.689 8. The determi-  
x Y n a t i o n  of  composition i n d i c a t e s  t h a t  t h e  l a t t i c e  parameter dec reases  
l i n e a r l y  wi th  t h e  oxygen conten t .  L a t t i c e  parameter v a r i e s  non - l i nea r ly  
w i th  C and sum of  C and 0 2 ' 
There is  evidence of equi l ib r ium be ing  a t t a i n e d  i n  some, i f  no t  i n  
a l l  cases .  Assuming t h e  a c t i v i t y  of  carbon t o  be un i ty  i n  Z r C  0 of  com- 
p o s i t i g n  Z r C  0 0.856 0 .07)  t h e  oxygen a c t i v i t y  has  been c a l c u l a t e 3  Yo be 1.36 
x 1 9  . 
The s t anda rd  f r e e  energy o f  formation o f  t h i s  composition has  been 
c a l c u l  t e d  t o  be -39.5 kcal /mole,  assuming t h e  a c t i v i t y  of  zirconium t o  
-3 be 10  . 
The f i n a l  composition o f  Z r C  0 depends on t h e  temperature  and t h e  
superincumbent CO p re s su re .  X Y  
For t h e  a t ta inment  o f  t h e  equ i l i b r ium,  t h e  m a t e r i a l  t r a n s f e r  from 
t h e  e x t e r n a l  environment is  e s s e n t i a l l y  through t h e  CO phase. 
M r .  Sa rkar  r ece ived  h i s  Ph.D. degree i n  Ceramic Engineering i n  August, 
1969. Thesis  t i t l e :  " S o l u b i l i t y  of  Oxygen i n  Zirconium Carbide". 
SOLID-SOLID EQUILIBRIUM 
Norman W .  Gregory 
P r o f e s s o r ,  Department o f  Chemistry 
A thermodynamic and k i n e t i c  s t u d y  o f  chemical  r e a c t i o n s  i n  
ox ide-ca rb ide  g r a p h i t e  sys tems.  
I n t e r a c t i o n  o f  Metal  Oxides w i t h  G r a ~ h i t e  and o f  Metal  Carbides  w i t h  Metal  
Oxides 
Juey  Hong R a i  
Research A s s i s t a n t ,  Chemistry ( J u n e  1 5  - June 30)  
Ph. D .  T h e s i s  Research 
The o b j e c t i v e  of t h i s  r e s e a r c h  i s  t o  s t u d y  k i n e t i c  and thermodynamic 
p r o p e r t i e s  o f  t h e  r e a c t i o n  o f  C a O  and g r a p h i t e  and o f  Z r C  and CaO by t o r -  
s i o n  e f f u s i o n  measurement o f  s t e a d y  s t a t e  p r e s s u r e s  o f  Ca(g)  and CO(g) 
g e n e r a t e d  i n  e f f u s i o n  c e l l s .  
M r .  Rai  has  completed h i s  Ph.D t h e s i s  and p r e s e n t e d  h i s  r e s e a r c h  t o  
h i s  s u p e r v i s o r y  committee.  H i s  t h e s i s  d e s c r i b e s  f u l l y  h i s  method f o r  
d e r i v i n g  thermodynamic d a t a  from s t e a d y  s t a t e  e f f u s i o n  p r e s s u r e s ,  measured 
a t  v a r i o u s  t e m p e r a t u r e s  a s  a f u n c t i o n  o f  t i m e .  H i s  r e s u l t s  on t h e  CaO- 
g r a p h i t e  r e a c t i o n  a r e  i n  ve ry  good agreement w i t h  t h o s e  p r e d i c t e d  from 
complementary thermodynamic s t u d i e s .  A d i r e c t  s t u d y  o f  t h i s  r e a c t i o n  h a s  
n o t  been r e p o r t e d  e a r l i e r .  I t  a l s o  a p p e a r s  l i k e l y  t h a t  t h e  r e a c t i o n  o f  
C a O  wi th  Z r C  h a s  g iven  r e s u l t s  which w i l l  be u s e f u l  as a n  a i d  i n  c h a r a c t e r -  
i z i n g  t h e  Z r C  phases  used a s  i n i t i a l  r e a c t a n t s .  
A paper  e n t i t l e d  "The Time Dependence o f  E f f u s i o n  C e l l  S t e a d y - S t a t e  
P r e s s u r e s  o f  Carbon Monoxide and Calcium Vapors Generated by t h e  I n t e r -  
a c t i o n  o f  Calcium Oxide and Graph i te" ,  by Juey  Hong R a i  and N .  W .  Gregory,  
h a s  been a c c e p t e d  f o r  p u b l i c a t i o n  i n  t h e  J o u r n a l  o f  P h y s i c a l  Chemistry 
(expec ted  March 1 9 7 0 ) .  
A paper  e n t i t l e d  "An E f f u s i o n  Study o f  t h e  Reac t ion  o f  Zirconium Car- 
b i d e  and Calcium Oxide", by Juey Hong R a i  and N.W. Gregory,  has  been 
accep ted  f o r  p u b l i c a t i o n  i n  t h e  J o u r n a l  o f  P h y s i c a l  Chemistry (expec ted  
A p r i l  1 9 7 0 ) .  
M r .  R a i  r e c e i v e d  h i s  Ph.D. degree  i n  Chemistry i n  August, 1969. T h e s i s  
t i t l e :  "A High Temperature Tors ion  E f f u s i o n  Study o f  t h e  I n t e r a c t i o n  of 
Metal  Oxides w i t h  Graph i te  and w i t h  m e t a l  Carbides".  
B O N D I N G  I N  INTERSTITIAL COMPOUNDS 
Alan D .  M i l l e r  
Ass i s t an t  P ro fe s so r ,  Ceramic Engineering 
A b e t t e r  understanding of  e l e c t r o n i c  bonding i n  i n t e r s t i t i a l  
compounds is  sought by t h i s  s tudy .  
U l t r a s o f t  X-ray Emission S tud ie s  
James W .  Rue 
P redoc to ra l  Assoc ia te ,  Ceramic Engineering 
Ph. D .  Thesis  Research 
The purpose of t h i s  p r o j e c t  is t o :  (1) s tudy  t h e  u l t r a s o f t  x-ray 
emission o f  carbon,  oxygen, and zirconium i n  Zr-C-0 compounds and ( 2 )  
r e l a t e  t h e  s p e c t r a l  d a t a  ob ta ined  t o  t h e  e l e c t r o n i c  ene rg i e s  i n  Zr-C-0 
compositions whose band s t r u c t u r e s  have been p red i c t ed .  
Due t o  2 discont inuous  drop i n  x-ray t ube  c u r r e n t  a t  low p re s su re s  
and slow response  i n  t h e  vacuum system, pre l iminary  ope ra t i on  of  t h e  
vacuum spectrometer  was hampered by an  e r r a t i c  behavior .  This problem 
was solved by cons t ruc t ing  a  power supply t h a t  ope ra t e s  a t  low p re s su re  
and au tomat ica l ly  switches over  t o  t h e  x-ray tube a t  a  p r e sc r ibed  s e t  
p o i n t .  In  a d d i t i o n  an adso rp t ion  pump was i n s t a l l e d  t o  i nc rease  pumping 
speed and thus  i nc rease  t h e  sys tem's  response .  
Subsequent ope ra t i on  o f  t h e  spectrometer  has  shown t h e  n e c e s s i t y  f o r  
improved r e s o l u t i o n  i n  t h e  s p e c t r a l  emission. This  problem w i l l  be so lved  
by i n s t a l l i n g  a  curved ana lyz ing  c r y s t a l  system. Curren t ly  ways o f  i n -  
co rpo ra t i ng  a  curved c r y s t a l  i n t o  t h e  spectrometer  a r e  being i n v e s t i g a t e d .  
The i n v e s t i g a t i o n  o f  instrument  e r r o r  on t h e  recorded emission s p e c t r a  
is  s t i l l  being conducted. 
Raman Studies  of  Ceramic Mater ia l s  
-- 
J .  W .  Macklin 
Ass i s t an t  P ro fe s so r ,  Chemistry 
Jack Surendranath 
Research A s s i s t a n t ,  Chemistry 
M.S. Chemical Engineering 
The na tu re  of  t h e  chemical bonding i n  Refrac tory  Metal Carbides i s  
no t  we l l  understood and previous s t u d i e s  apply somewhat i n d i r e c t  methods, 
e . g . ,  band s t r u c t ~ r e  s t u d i e s .  The v i b r a t i o n  spectrum of  a compound o f f e r s  
a d i r e c t  measure of inner  atomic and in te rmolecular  fo rces  and, t o  a l a r g e  
e x t e n t ,  t h e  n a t u r e  of t h e  bonding involved. The purpose of t h i s  p r o j e c t  
w i l l  be  t o  measure t h e  Raman s p e c t r a  o f  ceramic ma te r i a l s  ( s i n g l e  c r y s t a l s  
and powders) t o  t h e  end o f  understanding t h e  cha rac t e r  of t h e i r  bonding. 
A Raman spectrometer  u t i l i z i n g  a l a s e r  source w i l l  be used i n  t h i s  s tudy .  
From t h e  Raman spectrum one can determine: ( a )  symmetry of  t h e  bond 
s t r u c t u r e  from measured p o l a r i z a b i l i t i e s  and group t h e o r e t i c a l  considera-  
t i o n s ;  (b) t h e  f o r c e s  between t h e  l a t t i c e  c o n s t i t u e n t s  from t h e  measured 
v i b r a t i o n a l  f requencies  and a normal coord ina te  a n a l y s i s  cons ider ing  the  
known l o c a l  symmetry and symmetry of t h e  v i b r a t i o n  measured; and ( c )  t h e  
t y p e  of  bonding involved from r e l a t i v e  i n t e n s i t y  measurements and poss ib ly  
t h e  bond o rde r  f o r  cases  i n  which t h e  c r y s t a l  s t r u c t u r e  i s  known, 
ZIRCONIUM O X I D A T I O N  
Thomas F. Archbold 
Assoc ia te  P ro fe s so r ,  Me ta l l u rg i ca l  Engineering 
This  r e sea rch  p r o j e c t  i s  i n v e s t i g a t i n g  t h e  c h a r a c t e r i s t i c s  and 
mechanisms of  t h e  e a r l y  s t a t e s  of ox ida t ion  o f  zirconium meta l .  The 
oxide c r y s t a l  s t r u c t u r e  and metal-oxide o r i e n t a t i o n  r e l a t i o n s h i p s  
a r e  t o  be determined a s  a  func t ion  of  oxygen p a r t i a l  p r e s su re  and 
temperature .  
Zirconium Oxidation 
R. Daro l ia  
Research A s s i s t a n t ,  Me ta l l u rg i ca l  Engineering 
M.S. Thesis  Research 
A d e t a i l e d  examination o f  t h e  s t r u c t u r e ,  g r a i n  s i z e ,  and t ransforma- 
t i o n  c h a r a c t e r i s t i c s  o f  t h i n  z i r c o n i a  f i l m s  is be ing  made by t h e  use o f  
e l e c t r o n  microscopy. The k i n e t i c  d a t a  ob ta ined  by t h e  previous s tuden t  
on t h e  p r o j e c t ,  D r .  L .  P. S r ivas t ava ,  a r e  be ing  used i n  an at tempt  t o  
p r e d i c t  t h e  oxide c h a r a c t e r i s t i c s .  During t h e  r e p o r t  pe r iod ,  M r .  Daro l ia  
has  d i r e c t l y  observed t h e  t r a n s i t i o n  of  z i r c o n i a  t o  t h e  molten s t a t e ,  
followed by r a p i d  cool ing .  The a n a l y s i s  o f  t h e  photographs,  t o  determine 
v i s c o s i t y  d a t a ,  i s  i n  progress .  We p lan  t o  i n v e s t i g a t e  molten Ti0 i n  an 2 
a t tempt  t o  confirm t h e  v a l i d i t y  of  t h e  technique.  The k i n e t i c s - s t r u c t u r e  
c o r r e l a t i o n  i s  near  completion; t h i s  w i l l  be  fol lowed by a  d e t a i l e d  s tudy  
o f  t h e  ox ida t ion  of  Z r C .  
A paper e n t i t l e d  "The E f f e c t  o f  Gas Flow Rate on t h e  Oxidation 
Kine t i c s  o f  Zirconium," by L .  P .  S r ivas t ava  and T .  F. Archbold has  been 
publ i shed  i n  S c r i p t a  Meta l lu rg ica ,  vo l .  3 ,  p.  377,  (1969) .  
CALORIMETRIC INVESTIGATION OF CERAMIC AND RELATED MATERIALS 
Alan D .  Mi l le r  
Ass i s t an t  P ro fe s so r ,  Ceramic Engineering 
The o b j e c t i v e s  a r e  t h e  cons t ruc t ion  of  a high-temperature 
diphenyl-ether  drop ca lo r ime te r  and t h e  s tudy  of  hea t  capac i ty  
and hea t s  of t ransformat ion  of ceramic and r e l a t e d  ma te r i a l s .  
High-Tem~erature D ~ O D  Calorimetrv 
Shiushich i  Kimura 
Research Assoc ia te ,  Ceramic Engineering 
John Negrych (NSF Tra inee)  
Predoctora l  Assoc ia te ,  Ceramic Engineering 
Ph.D. Thesis Research 
The enthalpy of t h r e e  specimens of Z r C  was measured over t h e  tempera- 
X t o r e  range 200°-1400°C. The i n i t i a l  compositions of  t h e  specimens were 
Z r C l  O 7 Z r C O  6 and Z r C  0 .6 '  As expected t h e  e n t h a l p i e s  showed a r e g u l a r  
decrease a s  tEe carbon content  decreased. A t  p r e sen t  carbon, oxygen and 
n i t rogen  ana lyses  a r e  being conducted on t h e  specimens a t  Los Alamos 
S c i e n t i f i c  Laboratory. Upon r e c e i p t  o f  t h e  chemical a n a l y s i s  r e s u l t s ,  
more r e f i n e d  ana lys i s  of  t h e  d a t a  w i l l  be made. A second s e r i e s  of 
measurements on specimens of d i f f e r e n t  carbon contents  is i n  progress .  
MECHANICAL PROPERTIES 
Research upon t h e  mechanical p r o p e r t i e s  o f  ceramic m a t e r i a l s  
is  underway t o  develop a  more thorough understanding of  t h e  b r i t t l e  
f r a c t u r e  mechanisms i n  s i n g l e  c r y s t a l s  and p o l y c r y s t a l l i n e  ceramics .  
ALUMINUM OXIDE BICRYSTALS 
William D .  S c o t t  
A s s i s t a n t  P ro fe s so r ,  Ceramic E n g i n e e ~ i n g  
The purpose o f  t h i s  work is t o  s tudy t h e  p r o p e r t i e s  o f  g r a i n  
boundaries  i n  aluminum oxide.  
Mechanical P r o p e r t i e s  of Aluminum Oxide B i c r y s t a l s  
Raymond L. B e r t o l o t t i  
P redoc to ra l  Assoc ia te ,  Ceramic Engineer ing 
Ph. D.  Thesis  Research 
The purpose o f  t h i s  p r o j e c t  i s  t o  s tudy  g r a i n  boundary s l i d i n g  i n  
aluminum oxide by sub jec t ing  g r a i n  boundaries  of  s e l e c t e d ,  c o n t r o l l e d  
mi so r i en t a t i on  t o  pure shear  l oad ing  a t  e l eva t ed  temperatures .  
Experiments have cont inued on b i c r y s t a l  g r a i n  boundary s l i d i n g .  A 
sma l l  amount of  apparent  g r a i n  boundary shear  o f f s e t  ha s  been produced 
wi th  loads  of 1000 t o  2000 p s i  a t  1500-1700°C f o r  one t o  two hours .  I t  
i s  no t  c l e a r  i f  t h i s  o f f s e t  i s  t r u e  s l i d i n g  o r  i s  l o c a l  deformation 
ad j acen t  t o  t h e  boundaries by normal b a s a l  s l i p  mechanisms. This  ques t i on  
i s  be ing  i n v e s t i g a t e d  f u r t h e r  through t e s t s  on s u i t a b l y  o r i e n t e d  b i c r y s t a l s .  
The r e l a t i v e  i n t e r f a c i a l  energy o f  rhombohedra1 twins  has  been 
measured and a  paper f o r  p u b l i c a t i o n  has  been completed. 
I n t e r f a c i a l  Energ ies  of Aluminum Oxide B i c r y s t a l s  
G. Achutaramayya 
P redoc to ra l  Assoc ia te ,  Ceramic Engineer ing 
Ph.D. Thes is  Research 
The purpose o f  t h i s  p r o j e c t  i s  t o  determine t h e  r e l a t i v e  i n t e r f a c i a l  
energy o f  low ang le  d i s l o c a t i o n  tilt boundaries  i n  aluminum oxide.  
Low-angle d i s l o c a t i o n  tilt boundaries have been produced and i n i t i a l  
measurements of  r e l a t i v e  i n t e r f a c i a l  energy i n d i c a t e  low ene rg i e s  f o r  
t h e s e  low angles  as expected. Fur ther  measurements over  a  range of a n g l e s  
w i l l  be  r equ i r ed  t o  t e s t  t h e  f u n c t i o n a l  dependence of t h e  energy. 
A computer progcam has been developed by t h e  r e sea rch  supe rv i so r  and 
an undergraduate  a s s i s t a n t  t o  a n a l y t i c a l l y  eva lua t e  t h e  su r f ace  geometry 
i n d i c a t e d  by i n t e r f e r e n c e  photographs.  This program involves  d i g i t i z i n g  
t h e  o p t i c a l  i n t e r f e rome te r  d a t a  and,  through l e a s t  squares  curve f i t s ,  
producing mathematical express ions  f o r  su r f ace  topography i n  t h e  r e g i o n  
o f  a thermal ly  etched g r a i n  boundary groove. 
Mobil i ty  of Grain Boundary i n  Alumina 
Robert W .  Burns 
P redoc to ra l  Assoc ia te ,  Ceramic Engineering (NDEA Fellow) 
Ph . D .  Thesis  Research 
The purpose o f  t h i s  p r o j e c t  is  t o  measure t h e  mob i l i t y  of low-angle 
tilt boundaries  i n  aluminum oxide under t h e  i n f luence  o f  an e l e c t r i c  f i e l d  
and a  s u r f a c e  energy d r i v i n g  f o r c e .  
During t h e  pe r iod  covered by suppor t  on t h i s  g r a n t ,  t h e  s tuden t  
developed experimental  techniques and appara tus .  This included o r i e n t a -  
t i o n  s l i c i n g  and po l i sh ing  of  alumina c r y s t a l s  and development of  gas  
t r a i n  and f a b r i c a t i o n  o f  hea t ing  elements f o r  a  Centorr  high temperature  
furnace .  
Surface Energv o f  Alumina 
0 .  M .  Bhandari 
Research A s s i s t a n t ,  Ceramic Engineer ing 
M.S. Thes i s  Research 
During h i s  first t h r e e  months on t h i s  p r o j e c t ,  t h e  s tuden t  i n v e s t i -  
ga ted  t h e  f e a s i b i l i t y  of t h r e e  d i f f e r e n t  r e sea rch  p r o j e c t s  on v i s c o e l a s t i c  
behavior ,  mechanical p r o p e r t i e s  of  alumina and s u r f a c e  energy. He s e l e c t e d  
s u r f a c e  energy measurements and w i l l  a t tempt  t o  measure a  " / -p lo t"  f o r  
alumina and t o  c r i t i c a l l y  eva lua t e  t h e  r e l a t i v e  energy measurement 
techniques  used by s e v e r a l  i n v e s t i g a t o r s  i n  t h i s  f i e l d .  
Z r C  COATINGS 
Colin J .  Sandwith 
Ass i s t an t  P ro fe s so r ,  Mechanical Engineering 
James D .  Danberg 
Research A s s i s t a n t ,  Mechanical Engineering 
M.S. Thes is  Research 
Leonard Johnson 
Research A s s i s t a n t ,  Mechanical Engineering 
M.S. Thesis  Research 
The purpose of  t h i s  p r o j e c t  is  t o  determine bond s t r e n g t h s  and 
microhardness and t o  design and apply a new t e s t  of mechanical p r o p e r t i e s  
of ZrC plasma flame-sprayed coa t ings .  
M r .  Danberg's M.S. Thesis f o r  t h e  sepa ra t ion  of Z r C  coa t ing  has been 
approved. H i s  mas te r ' s  degree w i l l  be dated Winter Quarter 1970. 
The purpose of M r .  Johnson's p r o j e c t  i s  t o  develop a t e s t  t o  eva lua t e  
t h e  shea r  s t r e n g t h  of t h e  i n t e r f a c e  between flame sprayed Z r C  and t h e  
meta l  s u b s t r a t e .  The t e s t  under cons ide ra t ion  has been designed t o  pro- 
v i d e  parameters f o r  designing with plasma flame sprayed coa t ing  from an 
e a s i l y  reproduced t e n s i l e  specimen. The design parameter of i n t e r e s t  is 
t h e  maximum al lowable s t r a i n  p a r a l l e l  t o  t he  i n t e r f a c e  be fo re  s e p a r a t i o n  
of  t h e  coa t ing .  S t r e s s  a n a l y s i s  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h i s  parameter 
can be determined by e longat ing  t o  f a i l u r e  a shee t  metal  s u b s t r a t e  coated 
wi th  narrow s t r i p s ,  o r i e n t e d  perpendicular  t o  t he  t e n s i l e  a x i s ,  o f  Z r C .  
I n t e r p r e t i n g  t e s t  r e s u l t s  should be r e l a t i v e l y  easy because t h e  s t r a i n  a t  
which sepa ra t ion  occurs  can be c a l c u l a t e d  from t h e  load a t  f a i l u r e .  P r a c t i -  
c a l  l i m i t a t i o n  of  f a b r i c a t i n g  t h e  t e s t  specimen and t h e  optimum t h e o r e t i c a l  
specimen conf igura t ion  a r e  being eva lua ted  a t  t h i s  t ime.  Specimens w i l l  
be  f a b r i c a t e d  i n  January 1970 and hopefu l ly  t e s t s  w i l l  be completed by 
June 1970. 
DEFECT PROPERTIES OF I O N I C  AND CERAMIC CRYSTALS 
Thomas G .  Stoebe 
Associate  P ro fe s so r ,  Me ta l lu rg i ca l  Engineering 
Richard R. Zupp 
Ass i s t an t  P ro fe s so r ,  Me ta l lu rg i ca l  Engineering 
This p r o j e c t  concerns t h e  growth of  s i n g l e  c r y s t a l s  with 
c o n t r o l l e d  d e f e c t  s t r u c t u r e s ,  t h e  c h a r a c t e r i z a t i o n  of t h e s e  
d e f e c t  s t r u c t u r e s ,  and t h e  e f f e c t s  of  d i f f e r e n t  d e f e c t  s t r u c t u r e s  
on t h e  p r o p e r t i e s  o f  c r y s t a l s  with t h e  NaCl s t r u c t u r e s .  
Mechanical P r o ~ e r t i e s  of LiF Single  Crvs t a l s  
Hira L .  Fotedar 
Predoctora l  Assoc ia te ,  Me ta l lu rg i ca l  Engineering 
Ph. D .  Thesis  Research 
David Wilson 
NSF I n s t i t u t e  P a r t i c i p a n t  
Work has  been completed regard ing  t h e  e f f e c t s  o f  s t r e s s  r e l a x a t i o n  
experiments on t h e  subsequent work hardening behavior i n  LiF. The e f f e c t  
of  s t r a i n  r a t e  on d i s l o c a t i o n  dens i ty  and a c t i v a t i o n  parameters i n  defor -  
mation a r e  now under a c t i v e  i n v e s t i g a t i o n .  
Mechanical P rope r t i e s  of  MgO Single  Crys t a l s  
M .  S r in ivasan  
Research A s s i s t a n t ,  Meta l lurg ica l  Engineering 
M.S. and Ph.D. Thesis  Research 
The i n v e s t i g a t i o n  of  t h e  room tem erat$Se mechan'cal p r o p e r t i e s  of 
t S high p u r i t y  MgO and MgO conta in ing  Fe , F e  and N i t '  has been completed. 
Prel iminary work on the  i n v e s t i g a t i o n  o f  d i s l o c a t i o n  conf igura t ions  i n  
such c r y s t a l s  us ing  e l e c t r o n  microscopy techniques i s  c u r r e n t l y  under way. 
Thermodynamic S tud ie s  of  MgO S ing le  Crys t a l  Growth 
David A.  Bucy (NDEA Fellow) 
Research A s s i s t a n t ,  Me ta l l u rg i ca l  Engineer ing 
M.S. Thesis  Research 
Harshodrai  Vora 
Research A s s i s t a n t ,  Me ta l l u rg i ca l  Engineer ing 
M .  S . Thesis  Research 
The purpose o f  t h i s  po r t i on  o f  t h e  p r o j e c t  is  t o  determine t h e  e f f e c t  
of thermodynamic v a r i a b l e s  on t h e  d e f e c t  s t r u c t u r e  of MgO s i n g l e  c r y s t a l s .  
The planned approach i s  t o  f irst  develop c r y s t a l  growth techniques  by 
which s i n g l e  c r y s t a l s  o f  MgO can be grown r o u t i n e l y ,  t hen  t o  i n t roduce  
c o n t r o l l e d  v a r i a t i o n s  i n  magnesium a c t i v i t y ,  oxygen a c t i v i t y ,  and dopant 
a c t i v i t y  during c r y s t a l  growth, and t o  determine t h e i r  e f f e c t s  on t h e  
product  c r y s t a l s .  Two methods o f  MgO s i n g l e  c r y s t a l  p r epa ra t i on  have been 
explored dur ing  t h e  r e p o r t  per iod :  growth from a  f l u x  i n  a  tempera ture  
g r a d i e n t  and growth by t h e  plasma Verneui l  t echnique .  
A c o n t r o l l e d  atmosphere furnace  was cons t ruc t ed  s o  t h a t  N i  c r u c i b l e s  
can be used f o r  t h e  f l u x  growth runs  under a p r o t e c t i v e  atmosphere o f  
p u r i f i e d  argon.  A one-day t r i a l  run  a t  t h e  c r y s t a l  growth tempera ture  o f  
1200° t o  1300°C v e r i f i e d  t h a t  t h e  N i  c r u c i b l e  i s  f u l l y  p ro t ec t ed  by t h e  
argon atmosphere and t h a t  t h e r e  i s  no r e a c t i o n  o f  t h e  N i  c r u c i b l e  w i th  t h e  
f l u x  which i s  17 w/o MgO - 70.5 w/o W03 - 8.63 w/o P205 - 3.87 w/o Ma20. 
One five-day c r y s t a l  growth run  has been made t o  da t e .  Although some 
d i f f i c u l t y  was encountered i n  t h e  p r o t e c t i v e  atmosphere system, and t h i s  
l e d  t o  p a r t i a l  ox ida t ion  of  t h e  N i  c r u c i b l e ,  twenty-four smal l  MgO c r y s t a l s  
were ob ta ined .  The dimensions o f  t h e  l a r g e s t  c r y s t a l s  a r e  approximately 
6  mm x  3  mm x  3  mm,  and po r t i ons  of  some of  t h e  c r y s t a l s  a r e  green because 
o f  contaminat ion wi th  N i O  from t h e  p a r t i a l l y  ox id ized  N i  c r u c i b l e .  Subse- 
quent growth runs  w i l l  be  cont inued f o r  longer  t imes when t h e  p r o t e c t i v e  
atmosphere system i s  r e p a i r e d .  
Design and cons t ruc t ion  o f  equipment f o r  MgO c r y s t a l  growth by t h e  
plasma Verneui l  technique was completed du r ing  t h e  r e p o r t  per iod .  D i f f i -  
c u l t i e s  have been encountered wi th  t h e  a n c i l l a r y  RF gene ra to r ,  which w i l l  
be r e b u i l t  t o  provide RF plasmas of  h igher  power. 
David A .  Bucy r ece ived  h i s  M.S. degree i n  Me ta l l u rg i ca l  Engineer ing 
i n  August, 1969. H i s  t h e s i s  i s  e n t i t l e d  "Design and Construct ion o f  an 
Induc t ion  Plasma System f o r  S ingle  C r y s t a l  Growth i n  t h e  Verneuil  Geometry", 
M .  S r in ivasan  rece ived  h i s  M.S. degree i n  Me ta l l u rg i ca l  Engineer ing i n  
August, 1969. H i s  t h e s i s  i s  e n t i t l e d  "Effec t  o f  Impur i t i e s  on t h e  Mechanical 
Behavior o f  MgO Single  Crys t a l s " .  
A paper e n t i t l e d  "Effec t  o f  Impur i t i e s  on t h e  Mechanical Behavior o f  
MgO Single  C r y s t a l s , "  by M .  S r in ivasan  and T .  G .  Stoebe has been submitteti  
f o r  pub l i ca t i on  t o  t h e  Jou rna l  o f  Applied Physics .  
CONTINUUM STRESS ANALYSIS OF CRYSTALLINE CERAMICS 
The purpose of  t h i s  r e sea rch  i s  t o  apply modern computational 
methods, r e c e n t l y  developed f o r  complex aerospace problems, t o  t he  
problem of  eva lua t ion  of  s t r e s s e s  i n  p o l y c r y s t a l l i n e  ceramics caused 
by a n i s o t r o p i c  m a t e r i a l  p r o p e r t i e s .  This should l e a d  t o  a  b e t t e r  
understanding of  t h e  mechanical p r o p e r t i e s  and behavior  of t h e s e  
ma te r i a l s  and of t h e  inf luence  of  c r y s t a l l i n e  s t r u c t u r e  on s t r e n g t h .  
Thermal S t r e s s e s  i n  C r y s t a l l i n e  Ceramics 
B. J .  Hartz  
Professor ,  C i v i l  Engineering 
Colin B. Brown 
Associate  P ro fe s so r ,  C i v i l  Engineering 
G .  K .  Das 
Research A s s i s t a n t ,  C i v i l  Engineering 
Ph. D .  Thesis Research 
Exhaustive s t u d i e s  a r e  made on t h e  an i so t rop ic  e l a s t i c  and thermal  
p r o p e r t i e s  of aluminum oxide c r y s t a l s  and t h e  f ind ings  a r e  documented i n  
a  d e t a i l e d  r e sea rch  r e p o r t  i n  p repa ra t ion .  An a t tempt  i s  made t o  ga the r  
t h e  l a t e s t  information on t h e s e  p r o p e r t i e s  and a  l a r g e  amount of d a t a  has 
been c o l l e c t e d ,  der ived  o r  reorganized which is of importance e s p e c i a l l y  
f o r  t h r e e  dimensional a n a l y s i s .  
The t e s t  r e s u l t s  on b i c r y s t a l s  a r e  reviewed and the  s t r e n g t h  charac-  
t e r i s t i c s  of s i n g l e  c r y s t a l  alumina is a l s o  compiled. The f r a c t u r e  of 
t e s t  specimens i s  d iscussed  i n  t h e  l i g h t  of t h i s  knowledge. The d i f f e r e n t  
poss ib l e  techniques  of s o l u t i o n  t o  t h e  s t r e s s  a n a l y s i s  have been ciocumented 
a r e  a r e  included i n  t h e  d e t a i l e d  paper.  
A s  d i scussed  i n  t h e  e a r l i e r  r e p o r t ,  approximate techniques a r e  used 
t o  so lve  t h i s  problem. Two dimensional (p lane  s t r e s s  program) and t h r e e  
dimensional (Elas-4 pr'ogram) f i n i t e  element s o l u t i o n s  a r e  used t o  so lve  
t h i s  problem. F i n a l l y ,  a  "p ro j ec t ive  technique" us ing  h igher  o rde r  poly- 
nomials and r e g u l a r  subdiv is ions  i s  reviewed i n  d e t a i l  and proposed t o  
be t h e  b e s t  technique f o r  t h i s  problem. 
"Plane s t r e s s "  f i n i t e  element r e s u l t s  a r e  obtained f o r  each t e s t  
specimen along t r a n s v e r s e  a s  we l l  a s  l o n g i t u d i n a l  s e c t i o n s .  D i f f e ren t  
mesh s i z e s  a r e  used t o  i n d i c a t e  t h e  convergence c h a r a c t e r i s t i c s  f o r  t h i s  
problem. The e f f e c t  of v a r i a t i o n  of e l a s t i c  and thermal p r o p e r t i e s  a r e  
a l s o  s t u d i e d .  Over 20 d i f f e r e n t  a n a l y s i s  were made. The maximum s t r e s s e s  
obtained va r i ed  from 37,000 p s i  t o  54,000 p s i .  This  i s  wi th in  p s i  lower 
range o f  s t r e n g t h  o f  alumina c r y s t a l s  (43,000 p s i  t o  155,000 p s i ) .  
A s  d i scussed  e a r l i e r ,  t he  an i so t rop ic  p r o p e r t i e s  make it d e s i r a b l e  t o  
u se  t h r e e  dimensional a n a l y s i s .  A t  f i r s t ,  t h e  Elas-4 program was used f o r  
t h i s  purpose. However, t h e  program now i s  being converted t o  t he  CDC 6400 
computer from DCS and once t h i s  i s  accomplished it is hoped t h a t  t he  l a r g e r  
s to rage  w i l l  a l low a f i n e r  mesh f o r  a n a l y s i s  than  was poss ib l e  a t  t h e  t ime.  
Thermal S t r e s s e s  i n  C r y s t a l l i n e  Ceramics (cont inued)  
F i n a l l y ,  t h e  "p ro j ec t ive  technique" has been considered.  Conversion 
t o  CDC and cons iderable  r e w r i t i n g  was necessary t o  make t h e  e x i s t i n g  com- 
pu te r  program workable. Although t h i s  looks most promising, no r e s u l t s  
a r e  a v a i l a b l e  a s  y e t .  
Grain Boundary Energy and Crys t a l  D i s to r t i on  Due t o  Surface Energy Changes 
Michael Held (Unsupported) 
Part- t ime Graduate S tudent ,  C i v i l  Engineering 
PI. S  . Thesis Research 
This p r o j e c t  i s  aimed d i r e c t l y  a t  a n a l y t i c a l  c a l c u l a t i o n s  of t h e  
c r y s t a l  d i s t o r t i o n s  and o f  t h e  a s soc i a t ed  i n t e r n a l  s t r e s s  f i e l d s  caused by 
i n t e r f a c e d  ene rg i e s  of  aluminum oxide b i c r y s t a l s .  The experimental r e s u l t s  
a r e  being obta ined  i n  t h e  p r o j e c t  on i n t e r f a c i a l  ene rg i e s  under t h e  d i r e c t i o n  
of  Professor  W .  D .  Sco t t .  
Work i s  cont inuing on t h i s  with only l i m i t e d  r e s u l t s  a v a i l a b l e .  
Continuum S t r e s s  Analysis of Ceramic Mater ia l s  
Max D . Coon 
Ass i s t an t  P ro fe s so r ,  C i v i l  Engineering 
Maurice B .  Cooper 
Predoctora l  Assoc ia te ,  C i v i l  Engineering 
Ph. D .  Thesis  Research 
The ob jec t  of  t h i s  s tudy  i s  t o  make use of t h e  d u c t i l i t y  of ceramics 
a t  high temperatures  t o  in t roduce  r e s i d u a l  s t r e s s e s  i n  such a  way a s  t o  
improve t h e  load  ca r ry ing  capac i ty  o f  s t r u c t u r a l  elements.  A s e t  of room 
temperature t e s t s  of  Titanium Carbide beams, i n  t h r e e  po in t  loading ,  have 
been conducted. The ca r ry ing  capac i ty  of hea t  t r e a t e d  beams w i l l  be com- 
pared with t h e  r e s u l t s  of  t h e s e  t e s t s  t o  judge t h e  va lue  of t he  r e s i d u a l  
s t r e s s e s .  The furnace element and con ta ine r  have been cons t ruc ted  and a r e  
be ing  assembled. The high temperature t e s t i n g  w i l l  begin s h o r t l y .  
S t r a i n  Energy i n  Crack Propagation 
Robert J .  Campbell 
Ass i s t an t  P ro fe s so r ,  Ceramic Engineering 
Sang-Moo Park 
Research A s s i s t a n t ,  Ceramic Engineering 
M .  S . Thesis  Research 
An at tempt  w i l l  b e  made t o  c o r r e l a t e  t h e  energy involved i n  propagat ion 
of c racks  i n  s i n g l e  c r y s t a l s .  The approach w i l l  be  t o  use a s i n g l e  c r y s t a l  
o f  BaTiO with two a r e a s  of  p o l a r i z a t i o n  e s t a b l i s h e d  t o  provide s t r a i n  i npu t .  3 The amount of s t r a i n  w i l l  be  r e l a t e d  t o  t h e  e l e c t r i c a l  f i e l d  app l i ed .  
L i t e r a t u r e  surveys a r e  i n  progress  and m a t e r i a l s  procurement has 
s t a r t e d .  
This p r o j e c t  was s t imu la t ed  by knowledge o f  f a i l u r e  of  p o l y c r y s t a l l i n e  
under water t ransducers  a s  a r e s u l t  of h igh  power se rv i ce .  I t  is  a n t i c i -  
pated t h a t  t h i s  r e sea rch  may permit improved des ign  of such equipment. 
Nondestructive Determination of  Residual S t r e s s e s  
Robert J .  Campbell 
Ass i s t an t  P ro fe s so r ,  Ceramic Engineering 
D e r r i l l e  K.  Thayer (Edward Orton Ceramic Foundation) 
Research Fellow, Ceramic Engineering 
M.S. Thesis  Research 
This research  w i l l  a t tempt  t o  measure s t r e s s e s  i n  f i r e d  bodies  by 
nondes t ruc t ive  t e s t s .  These determinat ions w i l l  permit es t imat ion  of t h e  
e f f e c t  of  such s t r e s s e s  on p r o p e r t i e s  such a s  thermal  shock and u l t i m a t e  
s t r e n g t h .  
L i t e r a t u r e  surveys a r e  completed and sample p repa ra t ion  has  begun. 
This i n v e s t i g a t i o n  should provide methods of p r e d i c t i o n  of long-term 
s t r e n g t h s ,  c r az ing  and thermal  shock r e s i s t a n c e .  The p r i n c i p a l  approach 
v i s u a l i z e d  a t  p re sen t  involves  determinat ion o f  son ic  modulus of  e l a s t i c i t y  
and r a t e  of  propagat ion of  sonic  energy through p i eces  i n  s t r e s s e d  o r  
r e l axed  conf igu ra t ions .  
ATOMIC AND MOLECULAR 
Research i n  t h i s  a r e a  c o n s i s t s  o f  s tudying  t h e  e l e c t r o n i c  
p r o p e r t i e s  of  ceramic m a t e r i a l s ,  principally metal  ca rb ides  o r  
r e l a t e d  s t r u c t u r e s ,  i n  an a t tempt  t o  ga in  f u r t h e r  understanding 
of atomic bonding and charge t r a n s f e r .  Also, r e sea rch  on r a d i a -  
t i o n  e f f e c t s  upon ceramic ma te r i a l s  is  included.  
EFFECTS OF RADIATION UPON CERAMIC MATERIALS 
James I .  Mueller 
P ro fe s so r ,  Ceramic Engineering 
William M .  Z in iker  
Senior  Research Associate ,  Ceramic Engineering 
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Ph.D. Thesis Research 
Coirnbatore S. Krishnan 
Research A s s i s t a n t ,  Ceramic Engineering 
Ph.D. Thesis Research 
John M. Rusin 
Research A s s i s t a n t ,  Ceramic Engineering 
Ph.D. Thesis Research 
Thermoluminescence of  Oxide S ingle  Crvs t a l s  
The technique of thermoluminescence i s  being used t o  s tudy the  e f f e c t  
of u l t r a v i o l e t  r a d i a t i o n  upon MgO and CaO s i n g l e  c r y s t a l s .  The mechanism 
of  c o l o r a t i o n  of  t h e s e  c r y s t a l s  i s  being sought i n  terms of  t r a c e  impur i t i e s  
and l a t t i c e  d e f e c t s .  Thermoluminescence d a t a  is being c o l l e c t e d  f o r  MgO 
c r y s t a l s  of  va r ious  o r i g i n s .  The completion of a  very s e n s i t i v e  s i n g l e  
photon counting system has made poss ib l e  t h e  measurement of t h e  s p e c t r a l  
composition of  t h e  var ious  glow peaks. Most MgO samples e x h i b i t  a  r e d  
em'ssion only .  The s t r u c t u r e  of  t h i s  emission i d e n t i f i e s  it a s  t h a t  of S t  C r  which is a common s u b s t i t u t i o n a l  impuri ty  i n  MgO. An except iona l  
c r y s t a l  shows no d e t e c t a b l e  r ed  emission, bu t  r a t h e r  a  broad emission peak 
centered  a t  6000A. No s i m i l a r  luminescence has been r epor t ed  and we a r e  
t e n t a t i v e l y  a s s ign ing  it t o  ~n~~ on t e b a s i s  of s i m i l a r i t i e s  t o  o the r  Qt luminescent m a t e r i a l s  a c t i v a t e d  by Mn . I n i t i a l  exc i ta t . ion  measurements 
show t h a t  an absorp t ion  peak a t  about 2800A is r e spons ib l e  f o r  t h i s  
luminescence. 
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Surface  Defects on Oxide Powders 
In  o rde r  t o  s tudy t h e  o p t i c a l  p r o p e r t i e s  of  e l e c t r o n i c  c e n t e r s  e x i s t -  
i n g  on t h e  su r f aces  of  powders, one must make a l l  measurements under u l t r a  
h igh  vacuum condi t ions .  We a r e  p r e s e n t l y  cons t ruc t ing  a  smal l  g l a s s  vacuum 
system which w i l l  enable  u s  t o  degass our samples a t  high temperature i n  a  
very c l ean  vacuum. Subsequent i r r a d i a t i o n  w i l l  form e l e c t r o n i c  c e n t e r s  a t  
t h e  su r f ace  which can then  be s tud ied  wi th  much of  our  p re sen t  appara tus .  
DOMAIN DYNAMICS I N  ISOMORPHOUS FERROELECTRICS 
John L.  Bjorkstam 
Pro fes so r ,  E l e c t r i c a l  Engineering 
This research  has been concerned with t h e  o p t i c a l  and dynamical 
p r o p e r t i e s  of domains i n  f e r r o e l e c t r i c  KH PO and i t s  isomorphs. 2 4 
F e r r o e l e c t r i c  Domains and Domain Motion i n  KH PO and KD PO 2 4 2 4 
- 
James A .  Aikins 
Research A s s i s t a n t ,  E l e c t r i c a l  Engineering 
M .  S. Thesis  Research 
Due t o  unexpected r e s u l t s  i n  t h e  ~s~~ Nuclear-Magnetic-Resonance 
(NMR) spectrum of  KH As0 and RbD As0 j u s t  above t h e  f e r r o e l e c t r i c  phase 2 4 2 4 t r a n s i t i o n ,  emphasis on t h i s  p r o j e c t  has changed:\. I n  p a r t i c u l a r ,  we 
i n t e r p r e t  t h e  appearance of a d d i t i o n a l  rysona ces  i n  t h e  spectrum a s  
- 4 
r e s u l t i n g  from long-range, long-l ived (TV 10 s e c . )  c o r r e l a t i o n s  i n  t h e  
hydrogen ( o r  deuteron)  order ing .  I f  t h i s  is i n  f a c t  t h e  c a s e ,  one should 
observe a  c r i t i c a l  slowing down o f  po la r  f l u c t u a t i o n s  i n t o  t h e  k i l o c y c l e  
range. Such c r i t i c a l  slowing should be ev ident  a s  a  decrease  i n  t h e  d i -  
e l e c t r i c  cons tan t  a s  t h e  measuring frequency i s  increased  through t h e  
k i l o c y c l e  range.  The r e s u l t s  should c o n t r i b u t e  apprec iab ly  t o  our  under- 
s t and ing  of t h e  f e r r o e l e c t r i c  phase t r a n s i t i o n  i n  KDP type  f e r r o e l e c t r i c s .  
$The NMR work mentioned above i s  funded by t h e  National  Science Foundation. 
STUDIES ON GASH 
Edward C. Lingafelter 
Professor, Department of Chemistry 
Louis P. Torre 
Research Assistant, Department of Chemistry 
Ph.D. Thesis Research 
The objective of this study is to investigate the structural basis for 
the ferroelectricity of Guanidinium Chromium Sulfate Hexahydrate (GCrSH) 
and its aluminum isomorph (GASH). 
An apparatus was designed and constructed to enable systematic study 
of hysteresis loops at various frequencies (including quasi-static condi- 
tions). Behavior of a small single crystal of GASH indicated that the 
crystal could be adjusted to a nearly fully poled state under zero applied 
voltage. Two complete sets of x-ray diffraction intensities were collected 
under these conditions. However, analysis of the x-ray data indicate that 
the crystal was not completely poled. We are now continuing the study of 
the electrical behavior of the crystal in an attempt to specify conditions 
which will maintain polarization of the crystal during collection of x-ray 
data. 
STRUCTURE AND PROPERTIES OF CARBON MATERIALS 
David B.  Fischbach 
Research Assoc ia te  P ro fe s so r ,  Ceramic Engineer ing 
The p r o p e r t i e s  and behavior  of  carbons and g r a p h i t e s  a r e  
e s p e c i a l l y  dependent on mic ros t ruc tu re ,  because o f  t h e  s t r o n g  
i n t r i n s i c  an i so t ropy ;  and a  wide range o f  s t r u c t u r a l  v a r i a t i o n  
occurs  i n  t h e s e  m a t e r i a l s .  A b e t t e r  fundamental understanding 
o f  t h e  c a p a b i l i t i e s  and l i m i t a t i o n s  of carbon m a t e r i a l s  i s  be ing  
sought through i n v e s t i g a t i o n  o f  t h e  i n t e r - r e l a t i o n s h i p s  of proper-  
t i e s  and s t r u c t u r e  i n  s e l e c t e d  model carbons.  
E f f e c t  o f  P l a s t i c  Deformation on Graph i t i za t i on  
The purpose of  t h i s  s tudy  is  t o  i n v e s t i g a t e  t h e  i n f luence  o f  high 
temperature  basa l -p lane  shea r  deformation on t h e  g r a p h i t i z a t i o n  o f  
p y r o l y t i c  carbon. 
P y r o l y t i c  carbon specimens c u t  a t  an ang le  t o  t h e  average basa l -  
p lane  o r i e n t a t i o n  and then  deformed i n  t e n s i o n  a t  2500 - 3000°C a r e  
a v a i l a b l e  from previous work of  t h e  p r i n c i p a l  i n v e s t i g a t o r  while  
employed a t  t h e  J e t  Propuls ion Laboratory. Specimens with wel l -def ined 
narrow zones of shea r  deformation have been s e l e c t e d  f o r  f u r t h e r  s tudy .  
I t  i s  planned t o  compare t h e  x-ray d i f f r a c t i o n  s t r u c t u r e  i n  t h e  sheared  
zones wi th  t h a t  i n  ad jacent  unsheared p o r t i o n s  o f  t h e  same sample, and 
t o  c o r r e l a t e  t h e  r e s u l t s  with t h e  amount of s h e a r ,  deformation tempera- 
t u r e ,  e t c .  Techniques f o r  p repar ing  samples of  t h e  sheared m a t e r i a l  
(bands "-' 0.03" wide) a r e  now being i n v e s t i g a t e d .  
Previous s t u d i e s  showed t h a t  p l a s t i c  deformation i n  e i t h e r  t e n s i l e  
o r  compression modes s u b s t a n t i a l l y  enhanced t h e  r a t e  of g r a p h i t i z a t i o n  
of  p y r o l y t i c  carbon. However, t h e  i n f luence  of  b a s a l  shear  was ambiguous. 
The l a y e r  f l a t t e n i n g  and mobi l i ty  produced by shear  should f a c i l i t a t e  
g r a p h i t i z a t i o n .  On t h e  o t h e r  hand, t h e  s t a c k i n g  d i s o r d e r  c h a r a c t e r i s t i c  
o f  ungraphi t ized  carbons can be represen ted  i n  terms of random l a y e r  shear  
us ing  t h e  t u r b o s t r a t i c  model. 
The A n i s o t r o ~ v  o f  Carbon F ibe r s  
C.  B .  S c o t t  
Research A s s i s t a n t ,  Ceramic Engineer ing 
M .  S . Thes is  Research 
The o b j e c t i v e  i s  t o  determine t h e  diamagnet ic  behavior  o f  carbon 
f i b e r s  and r e l a t e  it t o  t h e  s t r u c t u r e  and t o  o t h e r  s t r u c t u r e - s e n s i t i v e  
p r o p e r t i e s ,  wi th  s p e c i a l  a t t e n t i o n  t o  an i so t ropy ,  t o  ga in  f u r t h e r  i n s i g h t  
i n t o  t h e  s t r u c t u r e  of t h e s e  unique carbons.  
A Faraday s u s c e p t i b i l i t y  balance has  been designed and i s  being con- 
s t r u c t e d  us ing  e x i s t i n g  c a p i t a l  equipment ( a  4" e lectromagnet  and a  r e -  
cord ing  semi-micro automatic  ba lance) .  The he igh t  and o r i e n t a t i o n  of t h e  
magnet r e l a t i v e  t o  t h e  suspended sample w i l l  be a d j u s t a b l e  t o  f a c i l i e a t e  
c a l i b r a t i o n  and an i so t ropy  measurements. I t  i s  planned t o  c o r r e l a t e  t h e  
s u s c e p t i b i l i t y  an i so t ropy  with x-ray d i f f r a c t i o n  p r e f e r r e d  o r i e n t a t i o n  
t e x t u r e ,  Young's modulus and e l e c t r i c a l  r e s i s t a n c e .  Samples of carbon 
f i b e r s  wi th  a wide range of  p r e f e r r e d  o r i e n t a t i o n  t e x t u r e ,  prepared from 
both  rayon and p o l y a c r y l o n i t r i l e  p r ecu r so r s ,  have been obta ined  o r  ordered .  
A continuous l i t e r a t u r e  survey is  be ing  made because of  t h e  i n t e n s e  a c t i v i -  
t y  i n  carbon f i b e r  r e sea rch  and development. 
The s t r u c t u r e  of  carbon f i b e r s  is unusua l  and i n t e r e s t i n g .  I t  com- 
b ines  a  s t rong  l a y e r  plane o r i e n t a t i o n  t e x t u r e  with a  high degree of 
c r y s t a l l o g r a p h i c  d i so rde r .  The importance of t h e  p r e f e r r e d  o r i e n t a t i o n  
f o r  high e l a s t i c  modulus i s  w e l l  e s t a b l i s h e d ,  bu t  t h e  s i g n i f i c a n c e  of 
c r y s t a l l o g r a p h i c  d i so rde r  is  j u s t  beginning t o  be app rec i a t ed .  No i n f o r -  
mation on magnetic behavior  of  carbon f i b e r s  i s  a v a i l a b l e ,  but  magnetic 
s t u d i e s  on o t h e r  carbon ma te r i a l s  have been f r u i t f u l .  
A paper e n t i t l e d  "On t h e  Re la t i onsh ip  o f  Mechanical P rope r t i e s  t o  
S t r u c t u r e  i n  Carbons and Graphi te ,"  by D .  B .  Fischbach, was presen ted  a-t: 
t h e  XVI Refrac tory  Composite Working Group Meeting i n  S e a t t l e ,  Washington, 
October,  1 9 6 9 .  
A paper e n t i t l e d  "High Temperature I s o t r o p i c  P l a s t i c i t y  of  Graphi te , ' !  
by D .  B .  Fischbach has been accepted f o r  p u b l i c a t i o n  by t h e  Phi losophica l  
Magazine. (Paper  based on experimental  work performed a t  J e t  Propuls ion  
Laboratory. ) 
J .  G .  Dash 
P ro fe s so r ,  Department o f  Physics 
Edward A .  S t e rn  
P ro fe s so r ,  Department o f  Physics  
Robert L .  I n g a l l s  
Ass i s t an t  P ro fe s so r ,  Department of Physics  
Hanan Shechter  
V i s i t i n g  A s s i s t a n t  P ro fe s so r ,  Department o f  Physics  (Returned t o  Technion, 
I s r a e l  I n s t i t u t e  o f  Technology, August 15 ,  1969) 
Gerald A .  Er ickson 
P redoc to ra l  Assoc ia te ,  Department of  Physics  
Ph.D. Thesis  Research 
Jahn R.  Net t  
Research A s s i s t a n t ,  Department o f  Physics 
Ph. D .  Thes i s  Research 
C .  D .  West 
P redoc to ra l  Assoc ia te ,  Department of  Physics  
Ph. D .  Thes i s  R e s e a ~ c h  
Mossbauer S tud ie s  
This  program is based upon t h e  a p p l i c a t i o n  o f  t h e  Mzssbauer e f f e c t  
t o  s tudy  p r o p e r t i e s  o f  var ious  m a t e r i a l s  wi th  emphasis on atomic f o r c e  
c o n s t a n t s ,  i n t e r a tomic  p o t e n t i a l s ,  e l e c t r o n i c  valence s t a t e s  and d i s t r i -  
bu t ions .  The proposed program c o n s i s t s  of t h r e e  i n d i v i d u a l  p r o j e c t s ,  
charging i n  a l l o y s ,  anharmonic f o r c e  cons t an t s  and s tudy  of  i n s u l a t o r s  a s  
a  func t ion  o f  temperature  and p re s su re .  
A paper e n t i r l e d  "Anharmonicity i n  Thorium Oxide," by H .  Shechter  was 
presented a t  t h e  Gordon Research Conference, Meriden, New Hampshire on 
August 4 ,  1969. 
A paper e n t i t l e d  "Extreme Low Temperature Anharmonicity o f  ~e~~ i n  
ThO2,I1 by G .  A .  Er ickson was presen ted  a t  t h e  Meeting o f  t h e  American 
Ceramic Soc i e ty ,  S e a t t l e ,  Washington on October 1 7 ,  1969. 
A paper e n t i t l e d  "Comments on Divalent  ~e~~~ Quadrupolar Coupling 
Constants ,"  by R.  I n g a l l s ,  has  been publ ished i n  Phys ica l  Review, December 
1969. 
A paper e n t i t l e d  "Mossbauer S&dies o f  L a t t i c e  Dynamics, Fine and 
Hyperfine S t r u c t u r e  o f  Divalent  Fe i n  FeF2," by D .  P. Johnson and 
R .  I n g a l l s ,  has been accepted f o r  pub l i ca t i on  by Phys ica l  Review. 
A papzy e n t i t l e d  "M6ssbauer Study o f  Low Temperature Anharmonicity 
i n  Tho :Co , I t  by H .  S h e c h t e r ,  J .  G .  Dash, G .  A .  E r ickson  and R .  I n g a l l s ,  2 h a s  been s u b m i t t e d  f o r  p u b l i c a t i o n  i n  - P h y s i c a l  Review. 
IMPURITY DIFFUSION I N  MgO UNDER THE INFLUENCE OF AN ELECTRIC FIELD 
William D .  S c o t t  
Ass i s t an t  P ro fe s so r ,  Ceramic Engineering 
Chester  A.  Hinman (on l e a v e )  
Predoctora l  Assoc ia te ,  Ceramic Engineering 
Ph.D. Thesis Research 
The purpose of t h i s  p r o j e c t  was t o  measure t h e  d i f f u s i o n  of N i  i n  
MgO a t  high temperature i n  an e l e c t r i c  f i e l d .  I n i t i a l  experiments d i s -  
c lo sed  anomalous reduct ion  o f  t h e  n i c k e l  impuri ty  and apparent  e l e c t r o l y s i s  
of t h e  MgO under t h e  appl ied  f i e l d s .  The p r o j e c t  was then  modified t o  
i n v e s t i g a t e  D . C .  conduct iv i ty  e f f e c t s  i n  MgO. 
High-purity MgO s i n g l e  c r y s t a l s  have been sub jec t ed  t o  D . C .  f i e l d s  
a t  var ious  temperatures  f o r  long p e r i o d s  of  t ime.  Severa l  two-probe and 
four-probe measurement techniques have been used. The D . C .  conduct iv i ty  
i nc reases  wi th  t ime and temperature.  The cu r ren t  i nc reases  with app l i ed  
f i e l d  a t  a  r a t e  g r e a t e r  t han  expected from ohmic behavior .  The r e s u l t s  of 
t h e s e  experiments a r e  being analyzed t o  i d e n t i f y  and sepa ra t e  t he  var ious  
conduct iv i ty  mechanisms. 
The graduate  s tuden t  working on t h i s  p r o j e c t  has been on l eave  f o r  
t h e  period covered by t h i s  r e p o r t ,  and is  working on t h e  f i n a l  p re sen ta t ion  
of h i s  d i s s e r t a t i o n .  
PROCESSING 
Research i n  t h i s  a r e a  i s  intended t o  gain b a s i c  information 
on processes  used f o r  f a b r i c a t i n g  ceramics.  
CERAMIC PROCESSING 
0 .  J. Whittemore, Jr. 
Associate  P ro fe s so r ,  Ceramic Engineering 
Charac t e r i za t ion  and Forming 
Douglas J .  Calkins (NSF Tra inee)  
Predoctora l  Assoc ia te ,  Ceramic Engineering 
Ph.D. Thesis Research 
Daniel B .  Le i se r  
Fredoctora l  Assoc ia te ,  Ceramic Engineering 
Ph.D. Thesis Research 
The o b j e c t i v e s  of  t h i s  p r o j e c t  a r e  ( 1 )  t o  s tudy ceramic forming 
methods and ( 2 )  t o  c o r r e l a t e  c h a r a c t e r i s t i c s  of p a r t i c l e s  and agglomerates 
wi th  forming and subsequent product p r o p e r t i e s .  Present  a c t i v i t i e s  a r e  
be ing  devoted t o  t h e  s tudy o f  compaction. 
I n  a  s tudy of  small  void f i l l i n g  a s  r e l a t e d  t o  b r i t t l e  f r a c t u r e  of 
g l a s s  spheres ,  c a r e f u l l y  s o r t e d  t o  2 5 o V s i z e  and uniform s p h e r i c i t y  have 
been v ib ra t ed  t o  minimum volume (64% r e l a t i v e  d e n s i t y )  i n  a  1 / 2  inch 
diameter  mold. Compaction has  been conducted i n  an l l l n s t ron l l  t e s t e r  a t  
from 5000 t o  40,000 p s i  t o  o b t a i n  compaction curves.  The maximum pres su re  
g ives  72% r e l a t i v e  dens i ty .  Before removal, pore d i s t r i b u t i o n  has been 
determined by mercury i n t r u s i o n .  A breakthrough a t  90 microns pore s i z e  
i s  noted on t h e  i n i t i a l  packing ( t h i s  agrees  wi th  simple cubic  packing) 
and the  d i s t r i b u t i o n  curves show 90 micron pores with inc reas ing  amounts 
of f i n e r  pores a f t e r  i nc reas ing  compaction p re s su res .  P a r t i c l e  s i z i n g  
a f t e r  compaction does not  i n d i c a t e  bimodal d i s t r i b u t i o n s  bu t  a  spectrum 
of s i z e s  from t h e  o r i g i n a l  sphere s i z e  down. 
Compaction of c l o s e l y  s i z e d  p a r t i c l e s  of fused magnesia and alumina 
and of two shape v a r i e t i e s  of m u l l i t e  has been s tud ied .  Re la t ive  com- 
pac t ion  was found t o  decrease wi th  both p a r t i c l e  s i z e  and e c c e n t r i c i t y .  
On most m a t e r i a l s ,  loading  r a t e  (va r i ed  from 0.05 t o  5.0 cm/min.) was not  
found t o  be s i g n i f i c a n t .  F rac tu re  a f t e r  compaction a t  var ious pressures  
has been determined on magnesia and angular  m u l l i t e  and was found t o  vary 
with p a r t i c l e  e c c e n t r i c i t y .  
I n i t i a l  Stages of S i n t e r i n g  
J .  Joseph Sipe 
Predoctora l  Assoc ia te ,  Ceramic Engineering 
Ph.D. Thesis  Research , 
The o b j e c t i v e  of t h i s  p r o j e c t  i s  t o  s tudy t h e  i n i t i a l  s t a g e s  of 
s i n t e r i n g  where pore growth occurs .  Pore growth has been shown t o  occur  
dur ing  t h e  i n i t i a l  s i n t e r i n g  o f  s e v e r a l  ceramic m a t e r i a l s ,  and it a l s o  
has been shown t o  occur  s imultaneously with shrinkage.  
Work i s  be ing  concent ra ted  on Fe 0 . Scanning e l e c t r o n  microphoto- 2 graphs of l i g h t l y  s i n t e r e d  Fe 0 ind icaqe  a complex s t r u c t u r e  d e s p i t e  t h e  3 
simple o r i g i n a l  s p h e r i c a l  p a r ? i c l e  shape. P a r t i c l e s  appear t o  be organ- 
i z e d  i n  groups and d i f f e r e n t  p a i r s  of spheres  appear t o  s i n t e r  a t  l a r g e  
d i f f e r e n c e s  i n  r a t e s .  The c u r r e n t l y  accepted two-sphere model of  s i n t e r -  
i n g  seems not  t o  be u s e f u l  i n  i n t e r p r e t i n g  t h i s  s i n t e r i n g .  However, t h e  
vary ing  r a t e s  of s i n t e r i n g  may exp la in  pore growth i n  i n i t i a l  s t a g e s .  
A paper e n t i t l e d  "Variables  i n  t h e  Compaction Behavior of  Ceramic 
P a r t i c l e s , "  by D.  B .  Le i se r  and 0 .  J .  Whittemore was presented a t  t he  
P a c i f i c  Coast Regional Meeting of t h e  American Ceramic Soc ie ty ,  S e a t t l e ,  




Alan D. Mi l l e r  
Ass i s t an t  P ro fe s so r ,  Ceramic Engineering 
Edward H .  Randklev 
Predoctora l  Assoc ia te ,  Ceramic Engineering 
Ph.D. Thesis  Research 
The primary ob jec t ive  of t h i s  s tudy i s  t h e  determinat ion o f  t h e  e f f e c t  
of temperature on t h e  d i f f u s i o n  c o e f f i c i e n t  of  chromium on aluminum oxide.  
Di f fus ion  anneals  performed i n  vacuum have confirmed t h e  f e a s i b i l i t y  
of  us ing  a  po in t  source d i f f u s i o n  couple geometry f o r  an oxide system. 
However, a t  t h e  anneal ing temperatures  r equ i r ed ,  t h e  vapor l o s s  of  chromia 
was found t o  be p r o h i b i t i v e l y  high f o r  annea ls  run  i n  vacuum, which e l imi -  
na t ed  t h e i r  usefu lness  i n  determining d i f f u s i v i t y  va lues .  Di f fus ion  
annea ls  performed i n  p u r i f i e d  argon atmosphere a r e  p re sen t ly  i n  progress .  
A t t en t ion  has a l s o  been d i r e c t e d  toward t h e  phenomena of  l i n e a r  thermal  
f a c e t i n g  of  s e l e c t  su r f aces  of s i n g l e  c r y s t a l  aluminum oxide.  
DEVELOPMENT AND TESTING OF CALCIA REFRACTORIES 
0.  J .  Whitternore, Jr .  
Assoc ia te  P ro fe s so r ,  Ceramic Engineering 
James T .  Benson 
Research A s s i s t a n t ,  Ceramic Engineering 
M .  S. Thesis  Research 
Calc ia  is  an inexpensive,  very r e f r a c t o r y  m a t e r i a l  l a r g e l y  neglec ted  
because o f  hydra t ion .  
Prel iminary work has i nd ica t ed  t h a t  good r e f r a c t o r i e s  can be made by 
s i n t e r i n g  calcium hydroxide a t  r e l a t i v e l y  low temperatures .  The o b j e c t i v e  
of  t h i s  work i s  t o  develop u s e f u l ,  f e a s i b l e  c a l c i a  r e f r a c t o r i e s  and t o  
determine t h e i r  p rope r t i e s .  
Four commercial hydrated l imes of varying ana lyses  have been s t u d i e d  
f o r  t h e i r  s i n t e r a b i l i t y ,  p u r i t y  and micros t ruc ture  and one s e l e c t e d  f o r  
development. Compacts of t h i s  m a t e r i a l  can be s i n t e r e d  t o  97% r e l a t i v e  
dens i ty  when heated t o  1450°C f o r  12 hours.  Brick compositions have been 
developed from granular  m a t e r i a l  prepared by crushing  t h e s e  s i n t e r e d  compacts. 
PORE STRUCTURE OF BONE 
0 .  J .  Whittemore, Jr. 
P r o f e s s o r ,  Ceramic Engineering 
Mrs. Ani ta  Fagan 
J u n i o r ,  Ceramic Engineer ing 
The pore s i z e  d i s t r i b u t i o n  of  r a t  t i b i a  and femurs has  been s t u d i e d  
by mercury porosimetry and procedures  worked o u t .  This work i s  being done 
i n  coopera t ion  wi th  D r .  David Baylink o f  t h e  Veteran ' s  Adminis t ra t ion 
Hosp i t a l  and t h e  Univers i ty  Medical School t o  support  h i s  work on os t eo -  
p o r o s i s  ( o r  decrease  o f  bone mass) o f  aging.  Useful d a t a  on t h e  s i z e  and 
volume o f  c a n a l i c u l a r  pores ( 0 . 2  and sma l l e r )  have been obta ined  on 0.15 g.  
samples.  A b r i e f  paper  was presen ted  on t h i s  work a t  t h e  Third Annual 
Bioengineer ing Symposium. 
MATERIAL CHARACTERIZATION 
James I .  Mueller 
P ro fe s so r  , Ceramic Engineer ing 
David A .  Boyd 
Research A s s i s t a n t ,  Ceramic Engineer ing 
M.S. Thes is  Research 
The purpose o f  t h i s  p r o j e c t  is t o  develop new methods of  c h a r a c t e r -  
i z i n g  ceramic m a t e r i a l s  and t o  i n c r e a s e  our  a b i l i t i e s  i n  u t i l i z i n g  e x i s t -  
i n g  tehcniques . 
This  work w i l l  involve  use of x-ray d e f r a c t i o n ,  e l e c t r o n  microscopy, 
e l e c t r o n  microprobe a n a l y s i s  t o  a s s i s t  o t h e r s  i n  t h e  process  o f  c h a r a c t e r i -  
z a t i o n  of m a t e r i a l s  o f  i n t e r e s t .  
CERAMIC MATERIALS RESEARCH PROGRAM IMPACT STUDY 
James E .  Rosenzweig 
P r o f e s s o r ,  Management and Organizat ion 
Fremont E .  Kast 
P ro fe s so r ,  Management and Organizat ion 
John W .  Stockman 
P redoc to ra l  Assoc ia te ,  Management and Organizat ion 
Ph. D .  Thes i s  Research 
The o b j e c t i v e  o f  t h i s  s tudy  was t o  determine t h e  impact of  t h e  Ceramic 
Ma te r i a l s  Research Program upon t h e  Univers i ty  of  Washington. The s tudy  
i n v e s t i g a t e d  t h e  impact o f  t h e  CMRP a t  t h r e e  l e v e l s :  ( 1 )  t h e  Ceramic 
Engineer ing Div is ion ,  ( 2 )  t h e  College o f  Engineer ing,  and ( 3 )  t h e  Un ive r s i t y .  
This  s tudy  has  been completed and t h e  f i n a l  r e p o r t  was submit ted t o  t h e  
Of f i ce  of  Univers i ty  A f f a i r s ,  Nat ional  Aeronaut ics  and Space Adminis t ra t ion  
on November 1 9 ,  1969. In  t h e  first phase of a  three-phase p r o j e c t  we i d e n t i -  
f i e d  t h e  a d m i n i s t r a t i v e ,  o r g a n i z a t i o n a l ,  and s t r u c t u r a l  r e l a t i o n s h i p s  of  
t h e  CMRP from t h e  beginning o f  t h e  program i n  1963 t o  t h e  p re sen t  t i m e .  We 
i n v e s t i g a t e d  t h e  changes i n  t h e  program ac t iv i t y - - such  a s  number of  g radua te  
s t u d e n t s ,  number o f  seminars ,  and e x t e n t  o f  f a c u l t y  involvement. 
The second phase o f  t h e  study: t h e  in te rv iew-ques t ionna i re  program 
involved a  soc ia l -psychologica l  a n a l y s i s  of  t h e  a t t i t u d e s ,  op in ions ,  and 
r e a c t i o n s  of  t h e  var ious  p a r t i c i p a n t s  i n  t h e  CMRP. We a l s o  interviewed a  
number of  people w i th in  t h e  NASA o rgan iza t ion  t o  o b t a i n  information concern- 
i n g  NASA-sponsored u n i v e r s i t y  programs. 
The f i n a l  s t a g e  o f  t h e  study: t h e  i n t e r p r e t a t i o n  and eva lua t ion  o f  
d a t a  and t h e  w r i t i n g  o f  t h e  f i n a l  r e p o r t ,  was completed dur ing  t h e  Summer 
and Autumn,1969. We r epo r t ed  our  f i n d i n g c o n c e r n i n g  t h e  impact of t h e  
CMRP and a l s o  provided information concerning t h e  organiza t ion  and adminis- 
t r a t i o n  o f  CMRP, t h e  i n t e r f a c e  between t h i s  program and NASA, and a  gene ra l  
eva lua t ion  of p rogress  toward program o b j e c t i v e s .  The d r a f t  of t h e  f i n a l  
r e p o r t  on t h i s  r e sea rch  was reviewed wi th  NASA o f f i c i a l s  i n  Washington D . C .  
on August 5 ,  1969. 
M r .  John W .  Stockman completed h i s  Doctorate  i n  Business Adminis t ra t ion 
i n  August, 1969. He rece ived  h i s  suppor t  from t h e  g ran t  funds dur ing  t h e  
1968-69 academic yea r  f o r  r e sea rch  on t h i s  program. H i s  t h e s i s  i s  e n t i t l e d  
"An Appraisal  o f  t h e  Impact of an I n t e r d i s c i p l i n a r y  Research Program: The 
Ceramic Mater ia l s  Research Program a t  t h e  Univers i ty  of  Washington". 
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APPENDIX A - 1  
D i s t r i b u t i o n  of  P r o j e c t s  Within the  Univers i ty  According t o  Research Areas 
Number of Atomic & 
Academic Department P r o j e c t s  Chemical Mechanical Molecular Process 
Ceramic Engineering 2 1 5 6 4 2 
Chemistry 3 2 - 1 - 
C i v i l  Engineering 3 - 3 - - 
E l e c t r i c a l  Engineering 1 - - 1 - 
Management & 
Organizat ion 1 - -- - 
Mechanical Engineering 1 - 1 - - 
Metal lurg ica l  
Engineering 




Organizat ion 1 2 
Mechanical Engineering 1 1 
Meta l lu rg i ca l  
Engineering 4 3 
Physics  3 4 
- - 
TOTAL 37 2 3  
APPENDIX A-2 
Number o f  Students  and Facul ty Involved i n  Research Supported by Grant Funds 
Number of  Research Under Tot a 1  
Academic Department P r o j e c t s  Facul ty Facul ty Grads MS Ph,D. Grads 
----  
Ceramic Engineering 2 1 6 2 1 6 15  2 1  
Chemistry 3 3 - - - 3 3 
C i v i l  Engineering 3 3 - - 1 2  3 
E l e c t r i c a l  Engineering 1 1 - - - 1 1 4. 
APPENDIX B 
Ceramic Mater ia l s  Research Seminars 
"Phonon S c a t t e r i n g  by Conduction Elec t rons  and L a t t i c e  Vacancies i n  
T rans i t i on  Metal Carbides",  D r .  Wendel S. Williams, V i s i t i n g  P ro fe s so r ,  
Ceramic Engineering 
"Grain Boundary Dif fus ioni t ,  P. L .  P r a t t ,  Professor  o f  Crys t a l  Physics 
Imper ia l  College,  London 
" S o l u b i l i t y  of  Oxygen i n  Zirconium Carbide", Satya K. Sarkar ,  Predoctora l  
Research Assoc ia te ,  Ceramic Engineering 
"Heat Content of Defect Zirconium Oxide a t  High Temperature", D r .  S. Kimura, 
Research Assoc ia te ,  Ceramic Engineering 
"Raman Spectroscopytt ,  D r .  John W .  Macklin, Ass i s t an t  Professor ,  Chemistry 
"Unfamiliar Oxidation S t a t e  of Zirconium and t h e  Ef fec t  of Oxygen Ac t iv i ty  
on t h e  S t ruc tu re  of Zr02", M r .  K .  Manikatan Nai r ,  Predoctora l  A s s i s t a n t ,  
Ceramic Engineering 
"Research i n  F e r r o e l e c t r i c  Ceramics a t  t h e  Univers i ty  of New South Wales", 
D r .  Fennimore N .  Bradley, Associate  Professor  of  Ceramic Engineering, 
Michigan Technological I n s t i t u t e ,  Houghton, Michigan 
APPENDIX C 
Theses Publ ished:  
"Design and Cons t ruc t ion  o f  an Induc t ion  Plasma System f o r  S i n g l e  
C r y s t a l  Growth i n  t h e  Verneui l  Geometry" 
David A .  Bucy, M.S., Me ta l l u rg i ca l  Engineering 
"Effec t  of  Impur i t i e s  on t h e  Mechanical Behavior o f  MgO Single  Crys t a l s "  
M .  S r in ivasan ,  M.S., Me ta l l u rg i ca l  Engineer ing 
"Unfanliliar Oxidat ion S t a t e  of Zirconium and t h e  E f f e c t  o f  Oxygen 
A c t i v i t y  on t h e  S t r u c t u r e  of Zr02" 
K. M .  Na i r ,  Ph.D., Ceramic Engineering 
" S o l u b i l i t y  o f  Oxygen i n  Zirconium Carbide" 
S. K .  Sarkar ,  Ph.D., Ceramic Engineering 
"A High Temperature Torsion Effus ion  Study of t h e  I n t e r a c t i o n  o f  
Metal Oxides wi th  Graphi te  and wi th  Metal Carbides" 
Juey Hong R a i ,  Ph.D., Chemistry 
"An Appra isa l  of  t h e  Impact o f  an I n t e r d i s c i p l i n a r y  Research Program: 
The Ceramic Mater ia l s  Research Program a t  t h e  Univers i ty  of  Washington" 
John W .  Stockman, Ph.D., Business Adminis t ra t ion 
Papers Accepted f o r  Pub l i ca t i on :  
"The Time Dependence of  Effusion C e l l  Steady-State  Pressures  of  Carbon 
Monoxide and Calcium Vapors Generated by t h e  I n t e r a c t i o n  of Calcium 
Oxide and Graphi te ,"  Juey Hong Rai and N .  W. Gregory has  been accepted 
by t h e  Jou rna l  o f  Phys ica l  Chemistry. 
"An Effus ion  Study o f  t h e  Reaction o f  Zirconium Carbide and Calcium 
Oxide," Juey Hong Rai and N .  W .  Gregory, has  been accepted by t h e  
Jou rna l  of  Phys i ca l  Chemistry. 
"High Temperature I s o t r o p i c  P l a s i c i t y  of  Graphi te ,"  D .  B .  Fischbach, 
has  been accepted by t h e  Phi losophica l  Magazine. 
"M6ssbauer S tug je s  o f  L a t t i c e  Dynamics, Fine and Hyperfine S t r u c t u r e  
of Divalent  Fe i n  FeF ," D. P. Johnson and R. I n g a l l s ,  has  been 
2 
accepted by Phys ica l  Review. 
Papers Submitted f o r  Pub l i ca t ion :  
"Effect  of Impur i t i e s  on t h e  Mechanical Behavior o f  MgO Single  Crys t a l s , "  
M .  S r in ivasan  and T. G. Stoebe, has  been submitted t o  t h e  Jou rna l  of 
Applied Physics .  
57 I, 
"M5ssbauer Study of Low Temperature Anharmonicity i n  Th02:Co , 
H . Shechter , J . G . Dash, G . A .  Erickson and R.  I n g a l l s ,  has  been 
submitted t o  Phys ica l  Review. 
Papers Published: 
"The Ef fec t  o f  Gas Flow Rate on t h e  Oxidation Kine t ics  of  Zirconium," 
L.  P. S r ivas t ava  and T .  F. Archbold, S c r i p t a  Meta l lurg ica ,  Vol. 3 ,  
p.  377, (1969).  
"Comments on Divalent  ~e~~~ Quadrupolar Coupline Constants ,  " 
R. I n g a l l s ,  Phys ica l  Review, December 1969. 
Papers Presented:  
"On t h e  Rela t ionship  of  Mechanical P rope r t i e s  t o  S t ruc tu re  i n  Carbons 
and Graphite ,"  D.  B. Fischbach. Presented a t  t h e  1 6 t h  Refrac tory  
Composites Working Group Meeting, S e a t t l e ,  October 13-15, 1969. 
"Extreme Low Temperature Anharmonicity of ~e~~ i n  Tho2," G .  A .  Er ickson,  
J. G .  Dash, R .  L .  I n g a l l s  and H. Shechter .  Presented a t  t h e  P a c i f i c  
Coast Regional Meeting o f  t h e  American Ceramic Soc ie ty ,  S e a t t l e ,  
October 17 ,  1969. 
"Anharmonicity i n  Thorium Oxide," H .  Shechter .  Presented a t  t h e  Gordon 
Research Conference, Meriden, New Hampshire, August 4 ,  1969. 
"Variables i n  t h e  Compaction Behavior of  Ceramic P a r t i c l e s , "  D .  B.  Le i se r  
and 0 .  J. Whittemore, Jr .  Presented a t  t h e  P a c i f i c  Coast Regional Meeting 
of t h e  American Ceramic Socie ty ,  S e a t t l e ,  October 1 7 ,  1969. 
"Heat Content of Defect Zirconium Carbide a t  High Temperature," 
A. D.  M i l l e r ,  S. Kimura, H .  W.  Schimmelbusch and J .  I .  Mueller.  
Presented a t  t h e  P a c i f i c  Coast Regional Meeting of  t h e  American Ceramic 
Soc ie ty ,  S e a t t l e ,  October 17 ,  1969. 
"Oxygen S o l u b i l i t y  i n  Zirconium Carbide," S. K .  Sarkar  and J .  I .  Mueller.  
Presented a t  t h e  P a c i f i c  Coast Regional Meeting of  t h e  American Ceramic 
Socie ty ,  S e a t t l e ,  October 1 7 ,  1969. 
"Current Ceramic Research a t  t h e  Toyko I n s t i t u t e  of Technology," 
Shiushich i  Kimura. Presented a t  t h e  Eas te rn  Sec t ion  of the  American 
Ceramic Socie ty ,  Richland, Washington, Septembe~ 18 ,  1969, 
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